A cDNA for the Arabidopsis STP4 gene (for sugar transport protein 4) was isolated, and the properties of the encoded protein were studied in Schizosaccharomyces pombe. The STP4 monosaccharide H+ symporter is composed of 514 amino acids and has a calculated molecular mass of 57.1 kD. RNA gel blot analyses revealed that STP4 is expressed primarily in roots and flowers of Arabidopsis. This was shown in more detail with STP4 promoter-&glucuronidase (GUS) plants yielding strong STPCdriven GUS activity in root tips and anthers. Wounding of plants transformed with STP4-GUS constructs resulted in a rapid increase in GUS activity in cells directly adjacent to the lesion. This was confirmed by RNase protection analyses in Arabidopsis wild-type plants showing a strong, wound-induced increase in STP4 mRNA levels. STP4 expression was induced rapidly in suspension-cultured Arabidopsis cells that were treated with the Pseudomonas syringae elicitor or with chitin or in Arabidopsis plants that were exposed to funga1 attacks. Our data suggest that the role of STP4 is to catalyze monosaccharide import into classic sinks, such as root tips and anthers, and, most importantly, to meet the increased carbohydrate demand of cells responding to environmental stress.
INTRODUCTION
The natural resistance of plants to different environmental stresses depends on a large number of inducible responses, for instance, increases in the activities of hydrolytic enzymes, such as chitinases, proteases, or galacturonidases. Other examples are the accumulation of cell wall structural proteins, such as hydroxyproline-rich glycoproteins or glycine-rich proteins, secretion of structural polymers, such as lignin, synthesis of light protectants, such as anthocyans, and production of antimicrobial compounds, such as phytoalexins (Sequeira, 1983; Dixon and Lamb, 1990) . Many of these inducible defense responses are also initiated by mechanical damage. This close similarity between the responses to pathogen attack and wounding is no surprise, because mechanical damage often must occur before pathogen infection; conversely, mechanical damage may often result from an attack by pathogens and pests.
' To whom correspondence should be addressed.
How can a single cell cope with such a large number of additional metabolic tasks? The sudden changes in the cellular metabolism cause increased energy and carbon requirements that result, for example, in enhanced respiratory activities of wounded tissues (Greksak et al., 1972) . In storage organs, this may be accommodated by an increased breakdown of carbohydrates; however, in other tissues with little or no carbohydrate reserves, this additional energy and carbon consumption can only be met by an increased utilization of exogenously supplied carbohydrates.
In carrots, both wounding and infection of roots cause a strong induction of a gene encoding a cell wall invertase (Sturm and Chrispeels, 1990) . It has been discussed repeatedly that the activity of such invertases (or p-fructosidases) is correlated with growth and development and that high levels of cell wall invertases indicate a high demand for hexoses in the respective tissues. It has been suggested that the primary role of stress-induced cell wall invertases is the increased hydrolysis of extracellular sucrose and thus the productioii of sufficient hexoses as an energy source for the various stress responses (Sturm and Chrispeels, 1990) . In fact, studies by Hancock (1969 Hancock ( , 1970 clearly showed that the uptake of 3-O-methylglucose (3-OMG) into hypocotyl sections from wounded or infected squash is higher than it is in control sections, and this additional transport activity was assigned to an inducible transporter in diseased or wounded hypocotyls. The energy that is necessary for this additional transport could be provided by elicitor-induced dephosphorylation and activation of the respective H+-ATPase (Vera-Estrella et al., 1994) .
Since the identification of the first plant monosaccharide H+ symporter in Chlorella kessleri (Sauer and Tanner, 1989; Sauer et al., 1990a) , several cDNAs encoding monosaccharide H+ symporters have been cloned from higher plants. It has been shown that in Arabidopsis, Ricinus communis, and Chenopodium rubrum, large gene families encode several monosaccharide carriers (Sauer and Tanner, 1993; Roitsch and Tanner, 1994; Weig et al., 1994) . At least one of the transporter genes from R. communis (HEX3; Weig et al., 1994) and the only transporter gene that has so far been cloned from tobacco (MST7 [for monozaccharide transporter 1 1 ; Sauer and Stadler, 1993) show sink-specific expression. All of these transporters belong to a family of carrier proteins (Marger and Saier, 1993) with 12 putative transmembrane helices and a large cytoplasmic loop in the middle (Mueckler et al., 1985; Griffith et ai., 1992; Hresko et al., 1994) .
In this study, a new Arabidopsis monosaccharide H+ symporter with constitutive expression in strong, permanent sinks, such as root tips and anthers, is characterized. Most importantly, expression of this transporter is drastically increased in inducible sinks, such as wounded, elicited, or infected cells or tissues. This strong increase in STf4 (for Sugar transport -protein 4) expression suggests an important role for monosaccharide H+ symport in plant stress response. The combined induction of cell wall invertases (Sturm and Chrispeels, 1990) and hexose transporters in stressed plant tissues could indicate that these tissues represent inducible sinks and that the enhanced import of carbohydrates into these tissues may be necessary for or even an indispensable prerequisite to allow their coordinated reaction to environmental stresses.
RESULTS

Characterization of STP4 cDNA and Genomic Clones and Sequence Analysis
The full-length STf4 cDNA clone pJU4-13 ( (Sauer and Tanner, 1989) , Arabidopsis STPl (Sauer et al., 1990b) , and the tobacco MST1 (Sauer and Stadler, 1993) monosaccharide Hf symporters, respectively. Like these other transport proteins, it has 12 putative transmembrane helices and belongs to the same family of membrane carriers (Marger and Saier, 1993) . The protein has two asparagine residues (Asn-150 and Asn-427) that are part of the consensus sequence Asn-X-Ser for N-glycosylation, but both residues are integral parts of putative transmembrane helices (helices 4 and 11) and are therefore not likely to be glycosylated. The restriction map of the 4.7-kb genomic KpnVPstl fragment (pET1) that was used for all further cloning steps is presented in Figure 2 . The sequence of the promoter, the 5' untranslated sequence, and part of the coding sequence were determined. After the first 133 bp of coding sequence, the STP4 gene contains an 86-bp intron. The position of this intron (the first intron in both genes) is conserved in the Arabidopsis STP7 gene in which the coding sequence is interrupted by a 307-bp intron (Sauer et al., 1990b) .
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Characterization of STW in Schizosaccharomyces pombe
The energy dependence of STP4-driven transport, its K, values for glucose and the nonmetabolizable analog 3-OMG, and the relative transport rates for a few other substrates were characterized in the fission yeast strain YGS-5 of S. pombe.
It has no background of inherent plasma membrane monosaccharide transport activities (Milbradt and Hofer, 1994) . For this purpose, the EcoRl insert of pJU4-13 was cloned into the S. pombe-€scherichia colishuttle vector SAP-E. This expression vector was constructed from the yeast cloning vector YEplacl81 (Gietz and Sugino, 1988) and harbors a 1500-bp alcohol dehydrogenase (adh) promoter-PMA7 terminator box with a unique EcoRl cloning site.
The cDNA insert was oriented either in the sense or antisense orientation, and both constructs were expressed in S.
pombe YGS-5. Uptake of 3-OMG by the two resulting yeast strains (NSY25/4R with STP4 in the sense orientation and NSY2514F with STP4 in the antisense orientation) is shown in Figure 3 . 3-OMG enters NSY25/4F cells at a low rate (diffusion). In STP4-expressing NSY25/4R cells, however, 3-OMG is accumulated inside the cells almost 16-fold (Figure 3 ), indicating that STP4 can catalyze the transport of this nonmetabolizable sugar against a concentration gradient and that this transport must therefore be energy dependent. All transport tests with STP4-expressing NSY2514R cells were performed in the presence of 100 mM ethanol. It has been shown that ethanol can fuel the uptake of secondary active transporters in fission yeast (Hofer and Nassar, 1987; Sauer et al., 1990a) . Uptake of 3-OMG by NSY25/4R cells is approximately threefold slower when ethanol is omitted from the transport test (data not shown).
The K , values for glucose and 3-OMG (15 and 100 pM, respectively; data not shown) were almost or fully identical to the K, values for these sugars determined for other sugar transporters, such as STPl in Arabidopsis (20 and 100 pM; Sauer et al., 1990b) or HUPl in C. kessleri (15 and 100 pM; Sauer et al., 1990a) . The relative transport rates (percentages) for various potential substrates of STP4 at initial outside concentrations of 0.1 mM were 100 for o-glucose, 120 for o-galactose, 63 for D-xylose, and 58 for o-mannose (mean values of two independent experiments; mean uptake rate for D-glucose was 16.7 pmol hr-' g fresh weight). No uptake of D-fructose could be determined under these conditions. The K , values and expression data indicate that STP4 is a highaffinity, energy-dependent monosaccharide transporter, probably an H+-symporter, with broad substrate specificity.
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Tissue-and Organ-Specific Expression of STP4 in Arabidopsis
Organ-specific STP4 gene expression was determined by RNA gel blot analysis. Total RNA from different Arabidopsis organs was separated, blotted, and hybridized with a radiolabeled S7P4 probe. The identical blot had been used previously to determine the organ-specific expression of the Arabidopsis S7P7 gene (Sauer et al., 1990b) . The RNA gel blot data presented in Figure 4 demonstrate that STP4 mRNA levels are high in roots and flowers of Arabidopsis. Lower levels were found in leaves, and little STP4 mRNA was detected in stems and fruits. This expression pattern clearly differs from that of STP1, which is expressed in leaves to very high levels.
To gain more insight into the role of STP4 in Arabidopsis, we needed to identify the location of STP4 expression in more detail. For this purpose, STP4 promoter sequences were isolated from the genomic clone XA2. Two different constructs (pET10101 and pET10102; Figures 5A and 5B) were generated, representing translational fusions of S7P4 promoter and coding sequences to the coding sequence of the p-glucuronidase (GUS) reporter gene. For both constructs, ~3 kb of promoter sequences were used. pET10101 encodes only the first two amino acids of STP4 and gives a soluble STP4-GUS fusion protein. pET10102 encodes the N-terminal 154 amino acids of the STP4 protein, including four putative transmembrane helices and the first STP4 intron. This construct should yield a membrane-bound STP4-GUS fusion with the GUS portion on the cytoplasmic side of the plasmalemma. Arabidopsis was transformed with both constructs, and plants from the TI generation of 12 independent transformants were analyzed by GUS staining (three pET10101 transformants and nine pET10102 transformants). The analysis showed no detectable difference between plants transformed with the two different constructs.
In all of the plants investigated, only two sites showed strong, reproducible GUS activity. The GUS staining in these parts correlated well with the RNA gel blot data ( Shown is a gel blot of total RNA from leaves (L), stems (S), roots (R), flowers (F), and green pods (P) of Arabidopsis. Twenty micrograms of total RNA was separated per lane, blotted to nitrocellulose filters, and hybridized with the 32 P-labeled, full-length S7P4 cDNA the pollen grains ( Figure 6B ); S7P4 expression in roots is restricted to the very tips of the main and lateral roots (Figures 6E and 6F) . In practically all of the other parts of the transformed plants, strong variability in GUS activity could be found ( Figures 6C and 6D) . In some plants, this variable staining was almost completely absent; in other plants, clear spots or foggy areas of GUS staining could be seen. The reproducible GUS staining in anthers and in root tips indicates that STP4 may be important for the import of monosaccharides into these nongreen sink tissues.
Induction of STP4 Gene Expression by Wounding
Strong GUS staining was also detected at the cutting site when leaves from transgenic tobacco or Arabidopsis plants (three independent tobacco transformants) were detached for determination of GUS activity (Figures 7B and 7E) . This was our first indication that STP4 might be induced by wounding. A more careful investigation of tobacco ( Figure 7A ) or Arabidopsis (Figure 7D) leaves that were wounded with a scalpel showed a reproducibly strong increase of GUS staining in response to excision wounding in cells immediately adjacent to the lesion. Moreover, increased GUS activity was also seen in greenhousegrown plants that had been wounded by insects or other pests ( Figures 7C and 7F ). The results on wound induction of S7P4-driven GUS activity in transgenic Arabidopsis and tobacco plants were confirmed with RNase protection analyses of STP4 mRNA levels in wild-type Arabidopsis plants. Figures 8A and 88 show that STP4 mRNA levels increased approximately fourfold within the first 120 min after wounding. This induction was transient, but STP4 mRNA levels were still elevated 8 hr after wounding. Obviously, the induction level of approximately fourfold (similar levels were obtained in three independent wounding experiments) was not as high as one would expect from the GUS activities in transgenic plants (Figure 7 ). The explanation for this apparent difference is that only a small portion of the cells in the wounded wild-type plants, namely, those next to the lesion, respond to the injury.
Induction of STP4 Gene Expression by Elicitor Treatment
Suspension-cultured Arabidopsis cells rapidly accumulate STP4 transcripts to high levels when exposed to a bacterial elicitor preparation from Pseudomonas syringae pv tabaci ( Figures 9A and 9B) . Previously, it has been shown that Arabidopsis can be infected by several pathovars of P. syringae (Davis et al., 1991) , and a heat-stable elicitor preparation from P. s. tabaci has only recently been used to induce in Arabidopsis the expression of several defense-related genes encoding proteins such as phenylalanine ammonium-lyase, (A) RNase protection analyses showing the relative transcript levels of STP4 mRNA and control 18S rRNA in response to various elicitor treatments. For the STP4 and 18S rRNA reactions, 10 ng and 3 ng of total RNA, respectively, were used per lane. Two different concentrations of P. s. tabaci elicitor (P. s. tab.) were used (5 and 10 ng/mL) for 2 or 4 hr. Elicitation with chitin was performed at a concentration of 100 ng/mL. (B) Quantification of the increase in STP4 mRNA levels. The RNase protection analyses shown in (A) were quantified with a Phosphorlmager, and induction levels were calculated by setting the 0-hr control value to 1. All of the values were corrected for the minor variations detected in 18S rRNA signals.
chorismate mutase, or 3-deoxy-D-arabino-heptulosonate-7-phosphate synthase (Eberhard et al., 1996) . STP4 induction is rapid and depends on the concentration of the P. s. tabaci elicitor preparation. The induction factors relative to the 0-hr control are shown in Figure 9B and are fiveand 10-fold after 2 and 4 hr with 5 ng/mL P. s. tabaci elicitor or 16-fold after 4 hr with 10 ug/mL P. s. tabaci elicitor. The induction factors relative to the unelicited 2-or 4-hr controls are even higher, being 28-fold after a 4-hr elicitation with 5 ng/mL P. s. tabaci elicitor and 46-fold after a 4-hr elicitation with 10 u.g/mL P. s. tabaci elicitor.
Expression of the STP4 gene is also elicited by insoluble chitin, which has been shown to induce extracellular alkalinization in suspension-cultured tomato cells (Felix et al., 1993) . The induction factor after a 4-hr elicitation with 100 ng/mL chitin is 18-fold relative to the 0-hr control and >50-fold relative to the 4-hr control. Expression of the 18SrRNA gene was monitored as a control ( Figure 9A ).
Induction of STP4 Gene Expression by Infection
Seedlings of Arabidopsis ecotype Columbia (Col-2) were used to study the possible induction of STP4 in response to fungal attack. The seedlings were infected with spores either of Alternaria brassicicola 238.73 or of Fusarium oxysporum f sp matthiolae 247.61. Both infection systems show a compatible interaction causing intensive fungal growth and eventually the death of the infected Arabidopsis plants. In both cases, a response in STP4 expression to fungal infection is seen at 24 hr after infection ( Figures 10A to 10D) , with the response to A. brassicicola being slightly faster than the response to F. oxysporum. The maximum of STP4 induction during the first 72 hr after infection is approximately fourfold in both systems. 
DISCUSSION
STP4 Gene Encodes a Monosaccharide H + Symporter
In this article, we describe the cloning of a new Arabidopsis monosaccharide H + symporter and its functional characterization in yeast. STP4 can catalyze the transport of various monosaccharides and the accumulation of the nonmetabolizable analog 3-OMG when expressed in S. pombe (Figure 3 ), indicating that STP4 is a monosaccharide H + symporter. This function is also suggested by the high degree of homology between the STP4 protein and other monosaccharide H + symporters, such as the C. kessleri HUP1 protein (45.9% identity; 68.4% similarity), the Arabidopsis STP1 protein (62.4% identity; 79.4% similarity), or the tobacco MST1 protein (63.7% identity; 81.3% similarity), some of which have been characterized as H + symporters in vivo (HUP1; Komor, 1973) or by reconstitution in synthetic proteoliposomes (HUP1; Opekarova and Tanner, 1994; STP1; Stolz et al., 1994) . With a K m value of 15 nM for D-glucose, STP4 is a high-affinity transporter and could catalyze the efficient uptake of glucose from the apoplastic space. Analyses of the hydrophobic regions in STP4 (data not shown) revealed that STP4 has 12 putative transmembrane helices and that it is another member of the family of membrane transporters described by Marger and Saier (1993) .
There is no direct proof that the STP4 protein is localized in the plasmalemma of Arabidopsis cells. Alternatively, it could be involved in intracellular sugar transport. However, the targeting of STP4 to the plasma membrane of transgenic yeast cells expressing the STP4 gene suggests that STP4 is also targeted to the plasmalemma in Arabidopsis. This has been shown for other plant sugar transporters (Stadler et al., 1995a (Stadler et al., , 1995b .
Sink-Specific Expression of STP4
The organ specificity of STP4 expression was studied by using RNA gel blot analyses (Figure 4 ) and transgenic Arabidopsis plants ( Figure 6 ) expressing two different STP4 promoter-GUS fusions ( Figure 5) . The results showed concurrently that STP4 is expressed most strongly in roots and flowers of Arabidopsis, especially in the actively growing zones of the root tips and in anthers. Within the anthers, heavy blue staining was visible in the pollen grains. In the roots, GUS staining was restricted to the very tips, probably to the root meristem. It has been shown for maize that symplastic diffusion of sugars from the veins toward the primary root tips cannot satisfy the carbon demand of the growing root meristem (Bret-Harte and Silk, 1994) . Expression of STP4 mRNA in this tissue could indicate a similar situation for Arabidopsis. Both anthers and roots are not photosynthetically active and depend absolutely on the import of energy and carbon from photosynthetically active souice tissues.
Our interpretation of the detected expression is that at least part of the post-phloem transport in Arabidopsis occurs apoplastically. The role of STP4 is to import hexoses generated from sucrose after phloem unloading and hydrolysis by cell wall-bound invertases (Sturm and Chrispeels, 1990 ). This interpretation does not contradict an earlier paper by Oparka et a12 (1994) , which describes phloem unloading in Arabidopsis roots as a symplastic process. First, these data were obtained with the fluorescent probe 5(6)-carboxyfluorescein (CF) and not with sucrose. Second, CF unloading from the protophloem was followed by a rapid lateral distribution of CF, but severa1 cells and especially the very tips of the roots showed no or only little fluorescence. Exactly in those areas, however, the strongest STP4 gene expression is found. This indicates that the supply of photoassimilates to Arabidopsis roots may depend on a combination of both symplastic and apoplastic phloem unloading.
One could also speculate that the role of STP4 is restricted to the retrieval of sugars leaking into the root apoplast during symplastic bulk flow from the sieve elements to the meristematic root cells (Dick and Ap Rees, 1975; Oparka et al., 1994; Schulz, 1995) . However, our data do not support this speculation, because the sites of symplastic unloading (Oparka et al., 1994) and of maximal STP4 gene expression are different.
Finally, it is unlikely that the function of STP4 is the retrieval of glucose or other monosaccharides leaking into the apoplast. There is no indication that the cytoplasmic concentration of glucose is especially high in the meristematic cells of root tips and that there is more passive leak of glucose out of these cells compared with cells in other tissues. Sink-specific expression has been reported for the MST1 monosaccharide transporter (Sauer and Stadler, 1993) , which is expressed primarily in root tissue of tobacco, and for the HEX3 gene from R. communis, which is expressed primarily in roots and to a lesser extent in sink leaves (Weig et al., 1994) . However, these data were based on RNA gel blot analyses and did not provide precise information on the localization of the respective transporter. Physiological evidence for an important role of monosaccharide transport in post-phloem transport has been presented by Ruan and Patrick (1995) for tomato fruits in which hexoses seem to be loaded into the storage parenchyma after extracellular hydrolysis of sucrose (Damon et al., 1988) .
Our results indicate that post-phloem transport in the root tips and in anthers of Arabidopsis occurs apoplastically (at least in part), most likely by extracellular hydrolysis of sucrose that has been unloaded from the phloem and subsequent postphloem transport of glucose into the sink cells. The spotty or cloudy expression of STP4 promoter-GUS fusions in leaves and cotyledons of transgenic Arabidopsis varied from plant to plant and could never be assigned to a specific cell type or tissue. From the results on STP4 gene expression in response to environmental stress (Figures 7 to 10) . it can be deduced, however, that these stains are due to injuries or infections of the Arabidopsis plants during the handling or that they were already in the greenhouse.
Expression of STP4 1s Enhanced in Response to
Environmental Stress
Early indications for possible regulation of STP4 gene expression in response to environmental stress carne from transgenic tobacco and Arabidopsis plants that had been transformed with translational fusions of the STP4 promoter and the GUS reporter gene (Figure 7 ). Cells immediately adjacent to a lesion-introduced either artificially with a scalpel or naturally by pests in the greenhouse-exhibited increased expression of GUS activity, and RNase protection experiments with RNA from wounded Arabidopsis wild-type plants confirmed these results (Figure 8) . Strong time-and concentration-dependent STP4 induction in response to elicitation with /? s. tabaci elicitor or with chitin ( Figure 9 ) and the rapid increase in STP4 mRNA levels after funga1 infection (Figure 10 ) are an additional indication for a potentially important, hitherto unrecognized role of monosaccharide transport in the response to environmental stress.
The large number of additional metabolic tasks in wounded or infected tissues may or may not always be sufficiently energized by endogenous resources of the respective cells. Carbohydrates may have to be imported into the affected tissues to exclude the risk of energy limitation, and this could be achieved by the rapid and simultaneous induction of genes for extracellular invertases (Sturm and Chrispeels, 1990 ) and putatively plasmalemma-localized monosaccharide transporters (this study). The possible symplastic carbohydrate import into the affected cells through plasmodesmata would depend on simple diffusion, which might not be fast enough to allow a rapid wound or defense response. In addition to the increase of carrier-mediated carbohydrate import into stressed cells, the export of photosynthetically fixed C02 from stressed source leaves could be reduced by efficient sucrose hydrolysis in the apoplastic space and retrieval of the resulting monosaccharides by STP4.
A further function of the STP4 protein in wounded or infected tissue may be the efficient recovery of sugars from the apoplast to minimize loss to invading pathogens. Monosaccharides set free during pathogen attack on cell wall polysaccharides, such as cellulose or hemicellulose, could be efficiently captured by a high-affinity H+ symporter with a broad substrate specificity.
An interesting feature of the STP4 gene is that its expression is regulated both developmentally and environmentally. This suggests that the STP4 promoter is regulated in at least two different ways. There are many more developmental sinks in plants than root tips and anthers, which seem to be fed either by a different monosaccharide transporter (STP1, STP2, or STP3; Sauer and Tanner, 1993) or by a different mechanism (symplastically or sucrose import). It is certainly important to study whether STP4 is the only gene encoding a monosaccharide transporter that is induced by wounding, elicitation, or infection.
The strong STP4 induction in elicited suspension-cultured cells (Figure 9 ) may reflect the maximum of STf4 induction that can be found in cells responding to wounding or infection. Whereas almost 1000/0 of the suspension-cultured cells respond to the elicitor treatment, only a limited number of cells is affected in the wounding or infection experiments. This may explain the differences in STf4 gene induction between elicited cells ( Figure 9 ) and wounded or infected tissue (Figures 8 and  10 ). The drastic response to elicitor treatment has been used previously to identify potentially pathogenesis-related genes (Somssich et al., 1989) . To our knowledge, however, no sugar transporters have been identified in these studies. This may be dueto the typically very low expression levels of most transporters. Even after a 20-or 50-fold induction, the mRNA levels for transporters will probably be much lower than the mRNA levels for soluble enzymes or structural proteins.
To put these results in a broader context, it is necessary to compare the induction factor of STf4 gene expression with the induction factor of other defense-related genes. The identical RNA preparations from f? s. tabaci elicitor-treated suspension-cultured cells that were used in this study were used previously to investigate the effect of elicitation on'the transcript levels of the Arabidopsis PAL7 and PALP genes, encoding phenylalanine ammonium-lyases (Eberhard et al., 1996) . Treatment with 5 pg/mL/? s. !abati elicitor for 4 hr induced the expression of these genes by 4 5 -f o l d relative to the O-hr control. This induction factor for one of the central defense-regulated genes is similar to the 10-fold induction of the STP4 gene expression under identical conditions ( Figure   9 ). It has been shown previously for f? s. pvsyringae that heatstable harpins elicit the hypersensitive response in plants (He et al., 1993; Alfano et al., 1996) . It is likely that harpins are the eliciting principle in our elicitor preparation as well.
lnsoluble chitin from funga1 cell walls was shown previously to elicit extracellular alkalinization in suspension-cultured tomato cells (Felix et al., 1993) . We could show that insoluble chitin can also elicit STf4 gene expression in Arabidopsis (Figure 9 ). This detected elicitation could, however, be due partly to chitin oligomers that may have been released from the insoluble chitin by enzymes secreted by the suspension-cultured cells (Felix et al., 1993) . Chitin oligomers have been shown to act as potent elicitors of protease inhibitor and chitinase activities, of polyphenolic compounds, and of severa1 phytoalexins (Kohle et al., 1984; Walker-Simmons et al., 1984; Roby et al., 1987) .
The stress-dependent induction of STf4 may also give some information on how the carbohydrate partitioning in plants is regulated. We found no indication that expression of the gene of the Arabidopsis sucrose carrier AtSUC2 , which catalyzes sucrose loading into the companion cells (Truernit and Sauer, 1995; Stadler and Sauer, 1996) , is induced in response to wounding or elicitor treatment (data not shown). This could indicate that the partitioning of carbohydrates within a plant is primarily or exclusively regulated by the strength of the various sink tissues, whereas the export of photoassimilates from source leaves runs ata constant and possibly maximal rate.
The Arabidopsis STP4 gene may represent the first member of a group of so far undetected defense-related proteins.
However, the impact of monosaccharide import into wounded or infected tissue on plant resistance to pathogen attack has yet to be studied. It is also necessary to investigate whether the genes for other sink-specific monosaccharide transporters, such as MSTl in tobacco or HEX3 in R. communis, are also induced in response to environmental stress and whether this is a general stress response in all plants.
METHODS
Strains
Strain DH5a of Escherichia coli (Hanahan, 1983) was used for cloning. 'For expression in Schizosaccharomyces pombe, we used strain (kindly supplied by B. Milbradt and M. Hofer, University of Bonn, Germany). For transformation of Arabidopsis thaliana C24 and Nicotiana tabacum cv Xanthi, we used Agmbacterium tumefaciens LBA4404 (Ooms et al., 1982) . Arabidopsis and tobacco plants were grown in potting soil in the greenhouse or on agar medium in plastic containers, as previously described (Truernit, and Sauer, 1995 Chang and Meyerowitz, 1986) . Screening of the library with the 3ZP-labeled cDNA of the Chlorella HUf7 gene (Sauer and,Tanner, 1989) has been described previously (Sauer et al., 1990b) . Severa1 positive k clones were obtained (&AI to M). The insert of hA2 had a 3000-bp Bglll fragment that cross-hybridized with the HUP7 probe. An interna1 Sau3Al fragment of this genomic Bglll fragment of ?.A2 (pJU15) was used to screen 280,000 recombinant phages of an Arabidopsis cDNA library (Col-2 wild type), which was generously provided by A. Bachmair (Max-Planck-lnstitut für Züchtungsforschung, Cologne, Germany). Conditions for screening were as described by Sauer et al. (1990b) . The plaque giving the strongest signal was purified, and the 1200-bp EcoRl insert was subcloned into pUCl9, yielding clone pJU52 that was not full length. The longer clone, pJU4, and the full-length clone, plU4-13 (1938 bp), were finally obtained by rescreening the library with a 71-bp 5' EcoRI-Pstl fragment of pJU52. lsolation and Subcloning of.the STP4 Promoter A 4.7-kb Kpnl-Pstl fragment was subcloned from the genomic clone hA2 into pUC19, yielding clone pET1. The Pstl site used for this cloning step is at position 629 in Figure 1 . A 2.4-kb internal EcoRl fragment of pETl was subcloned into pUC19, yielding the clone pET5. The 3 EcoRl site of this clone is identical with the 5'EcoRl site of the cDNA sequence shown in Figure 1 .
Nucleic Acid Sequencing
The genomic fragments pJU15 and pET5 and the cDNA clones pJU52 and pJU4-13 were sequenced by using the method of Sanger et al. (1977) . Exonuclease III and Ba131 deletions and sequencing with specific oligonucleotides provided complete sequences.
Construction of the S. pombe-E. coli Shuttle Vector SAP-E An 800-bp Xbal-EcoRI fragment of the terminator of the Sacchammyces cerevisiae PMAl gene encoding the plasma membrane ATPase (Serrano et al., 1986) was isolated from the yeast-E. coli shuttle vector NEV-E and cloned into the E. coli cloning vector pIC2OH (Marsh et al., 1984) . A 700-bp Sphl-EcoRI fragment of the S. pombe adh promoier (Russel and Hall, 1983) was isolated from the S. pombe-E coli shuttle vector pEVPll (Russel and Nurse, 1986) and ligated into the plC20H vector, which already harbored the PMA7 terminator. The resulting construct had an adh promoter-PMAl terminator box with a unique EcoRl cloning site. This box was excised with Hindlll, and the 1500-bp fragment was cloned into the unique Hindlll site of the yeast cloning vector YEplacll8 (Gietz and Sugino, 1988) carrying a yeast LEU2 gene as a selectable marker, which can be used in S. pombe as well. The EcoRl site present in the wild-type LEU2 gene had been replaced in this plasmid by in vitro mutagenesis (Gietz and Sugino, 1988) ; therefore, the resulting S. pombe-E. coli shuttle vector SAP-E contained only the unique EcoRl cloning site between the adh promoter and the PMAl terminator.
Cloning and Expression in Fission Yeast Strain YGS-!i
The EcoRl insert of pJU4-13 was cloned into the unique EcoRl site of the yeast expression vector SAP-E downstream of the S. pombe adh promoter in sense and antisense orientations. Both constructs were transformed into S. pombe YGS-5 by using the method of Ito et al. (1983) , yielding the strains NSY25/4R (sense orientation) and NSY2514F (antisense orientation).
Transport Tests
Transport tests with transgenic yeast cells were performed as described by Sauer et al. (199Oa) .
RNA Isolation, RNA Gel Blot Analysis, and an RNase Protection Assay Total RNA was isolated and analyzed on RNA gel blots by using the 3zP-labeled insert of the full-length STP4 cDNA clone pJU4-13, as described by Sauer et al. (1990b) . RNase protection assays were performed according to the protocol of Ratcliffe et al. (1990) , with the modifications described by Gahrtz et al. (1996) . A 321-bp Hindlll-Pstl fragment (sites given in Figure 1 ) was cloned into pBluescript I 1 SK-(Stratagene, La Jolla, CA) in such a way that antisense RNA could be generated by using T7 RNA polymerase atter linearization with Ncol (cuts inside the STP4 fragment). The hybridizing sequence of the resulting antisense probe was 147 bp long.
Construction of the 18s rRNA Fragment for RNase Protection Analyses
To monitor possible variations in the mRNA quantities used for the different RNase protection analyses of STP4, we took an identical aliquot from each reaction and diluted it 1:400 in water (vhr). Five microliters of this dilution was used for hybridization with an 18s rRNA probe. The fragment used for this probe was made in a reverse transcriptase-polymerase chain reaction of Arabidopsis total RNA. Primers (primer 18-1, 5'-TCCCTTAAGGAGGATCC-3'; primer 18-2, 5'-CTC-AAAGCTTGTATCCAGAGCGTAG-33 were designed according to the nucleotide sequence of the 18s rRNA gene from Arabidopsis ecotype COLO (Unfried et al., 1989) . The resulting 225-bp polymerase chain reaction product was digested with BamHl (internal site of the 18s rRNA gene) and Hindlll (encoded by primer 18-2) and cloned into pBluescript II SK-. After linearization with BamHI, antisense RNA,was produced with T7 RNA polymerase. The hybridizing sequence of the antisense construct was 203 bp long.
Construction of STP4 Promoter-GUS Fusions and Transformation of Agrobacterium
Two different constructs (pET10101 and pET10102) were generated. Both represented translational fusions of STP4 promoter sequences and the GUS reporter gene. For the construction of pET10101, a 320Qbp
Eael fragment (Figure 2 ) was isolated from the genomic clone pETl (the 3'Eael site is shown in Figure 1 ) and subcloned into pUC-GUS-O. (pUC-GUS-O is a pUC19 vector with the Hindlll-EcoRI polylinker/ GUSlnopaline synthase terminator box of the binary vector pBllOl [Jefferson et al., 19871 with a Notl linker inserted into the Smal site of the polylinker.) From this construct, the STP4 promoter-GUS fusion fragment was excised with Hindlll and Sacl and cloned into the respective sites of pBI101, yielding pET10101. The second construct was generated from a 3.4-kb Age1 fragment (Figure 2) , which was isolated from pET1. (The 3Agel site cuts in the coding sequence of the STP4 gene downstream of the first intron, as can be seen in Figure 1 .) The fragment was cloned into the Xmal site of pUC-GUS-1 (this is a pUC19 vector with the Hindlll-EcoRI polylinkerlGUSlnopaline synthase terminator box of the binary vector pBHO1). From this construct, the STP4 promoter-GUSfusion fragment was excised with Hindlll and Sacl and cloned into the respective sites of pBI101, yielding pET10102. Both constructs were transformed into Agrobacterium strain LBA4404 by the method of Hofgen and Willmitzer (1988) .
Transformation of Arabidopsis and Tobacco
Arabidopsis root explants were transformed with Agrobacterium harboring either the construct pETlOlOl (yielding Arabidopsis 10101) or pET10102 (yielding Arabidopsis 10102), according to the protocol of Valvekens et al. (1988) , with the modifications described by Truernit and Sauer (1995) . Tobacco leaf discs were transformed with Agrobacterium harboring the construct pET10101 (yielding tobacco STP401) as described by Horsch et al. (1985) . Staining for GUS activity was performed with three independent transformants of Arabidopsis 10101, with nine independent transformants of Arabidopsis 10102, and with three independent transformants of Nicotiana STP401.
Wounding of Arabidopsis Leaves
Leaves from sterile Arabidopsis plants were wounded with a scalpel to give 4-to 5-mm sections and incubated in 5 mM NaPOs buffer, pH 5.5, as described by Corbin et al. (1987) . At the indicated time points. material was withdrawn and frozen in liquid nitrogen.
Elicitor Preparation from Pseudomonas syringae pv tabaci
The elicitor preparation from F! s. tabaciwas kindly provided by S. Volko (Harvard University, Cambridge, MA) and is identical to the preparation that has been used by Eberhard et al. (1996) . It was prepared from bacterial strain 511 (provided by M. Wybrecht, Ciba, Basel, Switzerland) after cells had been grown in minimal medium for 48 hr at 28OC. Bacteria were harvested, washed by centrifugation in water, and heated in boiling water for 10 min. lnsoluble material was removed by centrifugation, the supernatant was lyophilized, and the dry matter was weighed and used as elicitor.
Cell Culture and Elicitor Treatment of Arabidopsis
The cell culture of Arabidopsis was kindly provided by M.J. May (University of Oxford, Oxford. UK). Cells were subcultured at weekly intervals in a Murashige and Skoog-type medium (MSMO; Sigma) supplemented with 0.5 mg/L NAA (I-naphthyl acetic acid), 0.05 mg/L kinetin (6-furfurylaminopurine), and 3% (w/v) sucrose. Cells were used for experiments 6 days after subculture. Aliquots were treated with 100 bg/mL insoluble chitin (Sigma), 5 wg/mL f? s. tabacielicitor, 10 pg/mL I! s. tabaci elicitor or were incubated without further treatment (controls) for 2 to 4 hr, as indicated.
lnfection of Arabidopsis with Funga1 Spores
For infection experiments, 2-week-old Arabidopsis Col-2 seedlings were sprayed with spore suspensions of A. brassicicola 238.73 (105 spores per mL) or F: oxysporum 247.61 (3 x I05 spores per mL). lnfected seedlings were harvested 24, 48, or 72 hr after infection.
